It has been long recognized that the surface chemistry of silica, and in particular the type and relative amount of surface bound silanol groups, plays a critical role in many of the properties associated with the material, where a typical example is the discrepant adsorption behavior observed depending on the pretreatment history of the surface. However, in spite of its importance, the direct probing of specific surface silanol groups under water has been hampered by instrumental limitations. Here we make use of vibrational sum frequency spectroscopy (VSFS) to first, identify under water the OH stretch of isolated surface silanols, and second, explore its acid/base behavior and dependence on the surface pretreatment method. The properties of other types of silanol groups (i.e. hydrogen bonded/geminal) are also inferred from the data. The ability to directly probe these functional groups under water represents a crucial step to further improving our understanding of this widely used mineral oxide.
Introduction
The interaction of water with silicon dioxide (SiO 2 ), the most abundant mineral in the continental Earth crust, 1 is of obvious fundamental and practical importance in a large range of geochemical, environmental, pharmaceutical, biological and catalytical processes. [2] [3] [4] [5] In contact with water, silica surfaces typically expose siloxane (Si-O-Si), silanol (Si-OH), and silanolate (Si-O À ) groups, the latter resulting from the partial deprotonation of silanols at pHs above the isoelectric point (pH B 2-3), 2 which renders the surface negatively charged under most common conditions. The relative population, speciation and distribution of these surface groups largely control and modulate the surface chemistry and associated properties of silica. 6 Compared to the bulk, where silicon atoms are typically coordinated through oxygen bridges to four additional Si atoms (Q 4 ), on the surface, this number can be lower as silicon may instead bind to one (Q 3 ) or two (Q 2 ) hydroxyl groups. 3, 7, 8 Depending on this coordination, but also on the relative lateral proximity, different kinds of silanols have been identified 2, 3, 6, 7 (see Scheme 1): (i) isolated, single or terminal Si-OH (Q 3 ) separated by at least 3.3 Å from its closest silanol neighbor and consequently not capable of forming mutual hydrogen bonds; (ii) vicinal, pair of Si-OHs (both Q 3 ) sharing a common oxygen vertex and thus separated by less than 3 Å; (iii) interacting or hydrogen bonded, Q 3 silanols that are not vicinal, but nonetheless close enough to form hydrogen bonds, and finally, (iv) geminal, having two OHs connected to the same silicon atom (Q 2 ). Conclusive experimental evidence for the presence of isolated and geminal silanols has been found by IR (narrow band at B3750 cm À1 ) 3,9,10 and NMR spectroscopy ( 29 Si signals from Q 2 silicon species), 7, 8 respectively. Together with the total amount of hydroxyl groups determined from deuterium exchange measurements, 6 ,11 the relative amounts of the different types of silanols have been estimated as the surface dehydroxylates with increasing temperature. 3, 6 These techniques require however, large surface to volume ratios and experiments must be typically performed under vacuum or at relatively high temperatures to avoid overlapping contributions from bulk or adsorbed water molecules.
When silica is in contact with water, the silanol OH signatures become largely indistinguishable from the overwhelming majority of those found in bulk H 2 O, which limits the applicability of the above mentioned experimental approaches. Nonetheless, intrinsic surface specific techniques, such as vibrational sum frequency spectroscopy (VSFS) 12, 13 and second harmonic generation (SHG), 14 have been able to provide information on the interfacial water in close or direct proximity to the silica surface, and in particular, upon variation of the solution pH. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The VSFS spectra of the silica/water interface are characterized by two broad bands centred at B3200 cm À1 and B3400 cm
À1
. Although the precise assignments of the two bands remain a source of debate, 21, 22, 25, 26 they are consistently linked to water vibrations in the interfacial region. Indirect information of the fate of silanols under water has been inferred by SHG, where depending on the pH history of the silica substrate, two or three successive jumps in the second harmonic response have been observed with increasing pH. This behavior was attributed to the deprotonation of specific populations of Si-OH having different pK a s, 17, 23 an interpretation that has been supported by molecular dynamic simulations. [27] [28] [29] It is worth noting, however, that a large majority (475%) of surface silanols remains protonated (i.e. Si-OH) even at a pH as high as 10.
23,30
Although recent ATR-FTIR measurements on silica nanoparticles have been able to correlate a frequency shift in the Si-O stretch of surface silanols to the density of silanolate groups, 31 the direct probing of specific types of SiOHs in solution remains elusive.
In the present study we have used VSFS to provide direct evidence of isolated surface silanols at the buried silica/water interface and examine some of their properties. Measurements were performed using an experimental geometry that not only significantly improves the signal to noise ratio, but also enhances the sum frequency (SF) response in the spectral region of interest. 32 To facilitate the discussion of the observed features, otherwise identical fused silica hemispherical substrates were pretreated following two different procedures: plasma cleaning and heat treatment at 1000 1C in air. As will be elaborated below, we find these methods to give the largest relative variation of silanol populations at the buried interface.
Experimental

Materials
Sodium hydroxide (99.99% trace metal basis) and hydrochloric acid (37 wt% in water, 99.999% trace metal basis) were obtained from Sigma Aldrich. Chromosulphuric acid, used during the cleaning procedure of the hemispheres, was from Merck. Sodium chloride (Puratronic, 99.999% metal basis) was purchased from Alfa Aeser and then baked for at least 60 minutes at 500 1C to remove organic contaminants. Hexadecyltrimethylammonium bromide (CTAB) was obtained from Aldrich, and recrystallized three times from a 3 : 1 mixture of acetone/methanol before use. The water used in the experiments was obtained from an Integral 15 Millipore filtration unit (18.2 MO cm in resistivity, total organic carbon o3 ppb). All glassware was cleaned with a commercial alkaline agent (Deconex from Borer) and rinsed thoroughly with water. The IR grade fused silica substrates (Infrasil 302) were custom-made (CVI, Melles-Griot) hemispherically shaped optics of 10 mm in diameter. The flat side of the hemispheres displayed a surface arithmetic average roughness (R a ) of less than 0.5 nm. This roughness was not seen to be much affected by the pretreatment methods (i.e. plasma and heat treatments), as concluded from profilometry measurements (Newview 5010, Zygo Corporation, USA).
Sample preparation
Prior to a given pretreatment, the fused silica hemispheres were first sonicated in ethanol, rinsed in water, immersed in chromosulfuric acid for 30 minutes, and then finally rinsed once again in water. Thereafter, depending on the pretreatment method, samples were either placed in an oven (Thermolyne-47900-Furnace) for 4 hours at 1000 1C and then left to cool-down overnight, or plasma cleaned for 10 minutes using air as carrier gas (Harrick, PDC-32G). Finally, to remove traces of organic contamination, just before experiments, all hemispheres were once again immersed in chromosulfuric acid for 5 minutes and thoroughly rinsed in ultrapure water. Additional details can be found in the ESI. † For the pH dependent measurements, the pH was adjusted with either HCl or NaOH, and solutions were then promptly drawn into gas-tight syringes. Solutions were then transferred into a gas-tight measuring cell, the design of which is described in detail elsewhere. 32 For performing the measurements of the free silanol in air (see Fig. 3 below), the hemispheres were placed wet in an open cell exposed to a laminar flow of carbonfiltered dry air. SF spectra were then collected during the drying procedure, until the thin wetting film of liquid water evaporated from the surface. The free silanol vibration was then measured without delay at the different polarization combinations. We note that after 20-50 minutes, hydrocarbon contaminants could be detected on the silica surface, together with a measurable decrease in the free silanol vibration intensity at 3750 cm
À1
. This was not surprising considering the high surface energy of a clean silica surface. Further, we found that drying the hemisphere by forced convection using either filtered dry air or nitrogen, only quickened the rate at which organic contaminants were adsorbed.
Thin wetting films. During the drying procedure when a thin film of water was still wetting the silica substrate, the SF spectra showed a complex interference pattern resulting from the two approaching interfaces (i.e. silica/water and water/air). The sharp free-silanol band at B3750 cm À1 was absent in the spectra, showing instead the free-OH from water molecules (B3705 cm
) in the more distant air/water interface, which was typically just a few tens to hundreds of nanometers away, plus the n iSiOH (B3680 cm À1 ) from the silica/water interface. The interference pattern changed dramatically with the film thickness, as the SF signals from both interfaces could either constructively or destructively interfere. This effect was particularly evident in our SF spectrometer, which has a high resolution and signal to noise ratio. A systematic study of this process will be presented elsewhere. We note, however, that other authors 33 have neglected interference effects in the interpretation of their results, and we View Article Online believe they have mistakenly assigned the free-OH from water molecules in the thin wetting film to surface silanols.
Sum frequency spectrometer
Spectra were collected using a femtosecond SF spectrometer and following a normalization procedure described in detail elsewhere. 32 Briefly, the spectrometer consists of a Ti:Sapphire B90 fs, 1 kHz, 6 W amplifier (Integra-C, Amplitude Technologies, France), which is partly used to pump a HE-TOPAS (Light Conversion, Lithuania) to generate a broadband (B250 cm À1 ) tunable IR pulse. Measurements were carried out with a spectral resolution of o2 cm À1 . Angles of incidence for the IR and visible pulses were set to 55.01 and 70.01, respectively. Laser energies for the IR and visible beams were set at B3 mJ per pulse and B7 mJ per pulse, respectively. The non-resonant background from a gold-coated hemisphere was used for normalization. All experiments were repeated on at least three different occasions and using different silica substrates. In all cases, the general spectral features presented here were reproduced, and the effect of the pretreatment methods was found to be reversible. To highlight the differences in the spectral region of interest and following SF community standards, the spectra shown here have not been Fresnel-factor corrected (see ESI † for details of the Fresnel-factor correction procedure and corresponding spectra). The spectra were fitted by convoluted Lorentzian and Gaussian line shapes of the form presented in eqn (1), which accounts for homogeneous (Lorentzian line shapes) and inhomogeneous broadening (Gaussian line shape), as well as the complex interference between neighbouring bands.
A NR refers to the non-resonant contribution to the SF signal, A v to the amplitude or oscillator strength of the vth resonant mode, o IR , to the infrared frequency, and o v , G v , and s v to the peak position, Lorentzian line width, and Gaussian line width of the vth resonant mode, respectively. As bands in the OH stretching region are typically dominated by inhomogeneous broadening (s v 4 G v ), the G v was set to 15 cm
À1
.
Results and discussion
The starting point of the discussion is the SF spectra of plasma and heat treated fused silica surfaces collected in pure H 2 O under three different polarization combinations (SSP, PPP and SPS; Fig. 1A and B) . In addition to the previously identified broad OH stretching bands, centered at B3200 cm À1 , B3400 cm À1 , 15, 16, 19, 21, 35 and B3500 cm À1 (the latter more clearly resolved in the SPS spectra), 21 which have all been linked to interfacial water molecules, at higher frequencies, a sharper feature can be observed. This peak centered at B3680 cm À1 appears more prominently in the heat treated sample, and in contrast to a similar feature observed in the TIR Raman spectra of identical hemispheres, 36 it originates from accessible surface OH groups as they can be easily exchanged upon isotopic dilution (Fig. 1C) . Thermal treatment, particularly at temperatures above 1000 1C, results in an almost total dehydroxylation of silica surfaces with the interconversion of most silanol groups into siloxane bridges (Si-O-Si). 4, 6, 7, 10, 37 During the heating process, the hydrogenbonded and vicinal silanols are the first to disappear, followed later by the geminals. 3, 6 On the other hand, isolated silanols first increase in numbers, peaking at B400 1C, before totally dehydroxylating at temperatures above 1100 1C. 2, 6, 10 Once the silica substrate is immersed in water the surface rapidly rehydroxylizes, yet only partially. 6 This effect can be visualized when comparing the SF spectra in Fig. 1A and B. The intensities of the broad water bands at 3200 cm À1 and B3400 cm À1 in the heat treated sample are approximately 40% lower than for plasma cleaned silica. Most of the intensity observed in the SF spectra at lower wavenumbers is coupled to water molecules aligned or perturbed by the surface electric field that emanates from deprotonated surface silanols (i.e. silanolate groups). 15, 21, 25 The lower intensity in the heat treated sample is then explained by a reduction in the number of silanols that are more easily deprotonated. The band of interest at higher frequencies follows a different behavior, as in absolute terms it appears not to significantly change between the two pretreatment methods (see Fig. 1A and B). Interferences with neighboring bands, however, as well as a lack of unique fits to the spectra (see below), make difficult a more detailed and reliable analysis. This limitation can be largely overcome screening the surface electric field by increasing the ionic strength, as the dominant contribution from the water bands on the red side of the spectra will be significantly diminished. 21, 35 Fig. 2A and B show SF spectra for the two pretreated silica samples in a 10 mM NaCl solution. When compared to pure H 2 O, the intensity of the B3200 cm À1 peak, but also of that at B3400 cm À1 are, as expected, much reduced by the screening effect of ions in solution. Still, as for the case of pure water, these latter bands remain less intense in both polarizations ( Fig. 2A and B) for the heat treated sample, a fact that is consistent with the above mentioned interpretation of having a smaller population of the more acidic silanols. On the other hand, the B3680 cm À1 band that is now more evident, not only shows an opposite trend, being clearly stronger in the heat treated sample in both the SSP and PPP spectra; but also, it transpires to be largely insensitive to the surface electric field as it is not much affected by the increase in the ionic strength. The fact that in all polarization combinations the intensity of the B3680 cm À1 band is higher for the heat treated sample (see Fig. 2A and B and ESI †), is rationalized by a relative increase of the total number of contributing oscillators, and not by a simple change in their average orientation. Due to its high frequency, the band could, in principle, be assigned to either the OH stretch of water molecules vibrating free from hydrogen bonds 38 (i.e. next to surface siloxane groups) or to the OH stretch of specific surface silanol groups (i.e. isolated). As developed below, here we argue in favor of the latter.
Isolated silanols in air
To determine the relative amounts of silanol groups in both pretreated fused silica substrates, SF spectra were collected on the same surfaces after exposure to a gentle stream of filtered dry air ( Fig. 3A and B) . As shown in Fig. 3 , the spectra are dominated by a narrow peak centered at B3750 cm
À1
, which has been unambiguously assigned to the OH stretch of isolated silanols vibrating in air. 3, 7, 9, 39 From previous IR studies, 4, 7, 39, 40 the vibrational signature for hydrogen bonded silanols in air (see Scheme 1) is expected to be broader and red shifted to B3450-3550 cm À1 , while those for vicinal and geminal remain a source of debate, with tentative assignments ranging anywhere between 3500 and 3740 cm
. Interestingly, in the SF spectra shown in Fig. 3 the population of isolated silanols is clearly higher for the heat-treated sample. Since as discussed above, a larger number of the more acidic silanols (i.e. hydrogen bonded silanols) is formed when plasma cleaning, the direct implication is that isolated silanols are less readily deprotonated. Further, the slightly higher intensities observed at B3500 cm À1 and B3700 cm À1 in plasma treated sample (see Fig. 3 ), are then consistent with the expected relatively larger number of hydrogen bonded silanols, but also probably vicinal and/or geminal. It is worth mentioning, however, that the relatively low contribution of these latter silanol groups to the SF intensity, likely results from the orientation of their OH groups being aligned, on average, close to the plane of the surface (VSFS is insensitive to such molecular orientations 41 ). Accordingly, we assign the B3680 cm À1 feature to the OH stretch of isolated silanols vibrating under water (n iSiOH ). The red shift of B70 cm À1 is compatible with the gradual shift observed in silica powders when exposed to a series of gases, including water vapor at low surface coverages. 9 The advantage here is that VSFS allows detecting such vibrations when silica is in contact with a bulk liquid (Fig. 2) . The high frequency of this band indicates that the OH of these isolated silanols is a relatively strong covalent bond that is not significantly perturbed (i.e. B70 cm À1 red shift) by hydrogen bonding with adsorbed water molecules. Here, we note that an OH band with similar characteristics to the n iSiOH has been identified on the surfaces of a-Alumina and assigned to a ''dangling (Al) n OH''. 42 However, in contrast to silica, the frequency of the (Al) n OH band centred at B3700 cm À1 , remains unchanged whether it is exposed to water or air. 42 Acid/base behavior of isolated silanols
Given the assignment of isolated silanols under water, one of the first properties to explore is its pH behavior and the View Article Online determination of its eventual pK a . Fig. 4 shows the SF spectra of a heat treated silica sample at three different pHs using 10 mM sodium chloride as background electrolyte (equivalent PPP spectra can be found in the ESI †). As expected, the contribution from the broad water bands at 3200 cm À1 and B3400 cm
increases with solution pH, as the surface charge increases with the partial deprotonation of surface silanol groups. 15, 16 Interestingly, the n iSiOH remains visible even at pH = 10.5, which implies that the isolated silanols do not easily deprotonate. A more quantitative description can be obtained by fitting the spectra to the convoluted Lorentzian and Gaussian lineshapes described in more detail in the Experimental section. The fitted amplitudes for three resonant contributions as a function of pH are summarized in the inset of Fig. 4 (see ESI † for additional details).
The results show that while the amplitudes for the 3200 cm
and B3400 cm À1 bands increase with pH, the one linked to the isolated silanols not only remains approximately constant, but also displays an opposite sign. Due to the coherent nature of the SF process, information is carried both in the magnitude and phase of the SF signal. 35 Consistent with the proposed assignment, the reversed sign indicates that the OH groups of isolated silanols have an opposite net polar orientation from those in water molecules aligned by the negative surface electric field (i.e. water hydrogens are oriented on average towards the surface, 22 while those in silanols point away from the surface). Had the surface been positively charged, all three modes would have had the same phase (i.e. sign), as the OH groups from both the interfacial water molecules and isolated silanols would be, on average, oriented away from the surface. As shown in Fig. 5 , this is indeed the case when the positively charged surfactant CTAB adsorbs to silica at a concentration above its critical micellar concentration (see ESI † for fitting parameters). 43 Interestingly, due to interference with the water neighboring band, the n iSiOH is now observed as a dip, instead of a peak in the spectrum (see Fig. 5 ). Clearly, this situation illustrates how the n iSiOH can be used as an internal reference for determining the absolute polar orientation of water molecules in the interfacial region. Moreover, the fact that the n iSiOH band remains visible for the CTAB case, also helps discarding the possibility of associating the B3680 cm À1 band to water molecules weakly interacting with the silica substrate (see above), as these water molecules would have necessarily been displaced by the adsorbing surfactant. Returning to Fig. 4 , the lack of significant changes in the fitted amplitudes for n iSiOH with increasing pH, indicates that the pK a of isolated silanols is higher than 10.5. Studies using higher ionic strength solutions to be presented elsewhere situate the pK a above 11.5. It is worth noting, however, that the experimentally accessible range is limited due to the dissolution of silica at high pH, which is already expected at pH above 11 for amorphous precipitated silica, 2 and is indeed observed in our substrates when exceeding pH 12 at room temperature. In Fig. 3 VSF spectra recorded in the (A) SSP, and (B) PPP polarization combinations of plasma and heat treated fused silica dried in a gentle stream of dry filtered air. The fact that the SiO-H stretch of isolated silanols remains stronger in both polarization combinations for the heat treated sample implies more contributing oscillators rather than a change in their orientation. Fig. 4 VSF spectra recorded in the SSP polarization combination of a heat treated fused silica hemisphere in contact with 10 mM NaCl solution at three different pHs (PPP spectra can be found in the ESI †). The shortsegmented lines are the fitted curves to the experimental data. Data were collected in the following sequence: pH 6, pH 3, and finally pH 10.5. The absolute intensities between the different spectra can be directly compared with those of Fig. 1 and 2 . Equivalent Fresnel factor corrected spectra can be found in the ESI. † Inset: Fitted amplitude of the bands at B3200 cm
, B3400 cm À1 and B3680 cm À1 (see ESI † for details).
line with these experimental findings, recent molecular dynamic simulations 27, 29 have estimated the pK a of isolated silanols to be higher than those for hydrogen bonded and geminal silanols, with calculated values ranging between 8.9 and 11.2, although in the presence of specific monovalent ions the pK a have been estimated to shift several units upwards. 44 In context of the results presented here, and recalling that a large majority (475%) of surface silanols do not dissociate even at pH as high as 10, 23,30 the silanols sites inferred from second harmonic data having a pK a B 4.5 and B8.5, 17 are clearly not associated with isolated Si-OHs, but instead with those having closely neighboring silanols: vicinal, geminal, and/or hydrogenbonded. Further, the relative populations of the different silanol sites, will evidently depend on the pretreatment history of the silica substrate, a fact that may partly explain the differences observed in more recent SH studies. 23 
Conclusions
In summary, we have used VSFS to identify the SiO-H stretch of isolated Q 3 surface silanols in contact with bulk water.
Although relatively narrow, the feature (n iSiOH ) is broader and red-shifted by B70 cm À1 when compared to its free vibration in air. In addition, we show that depending on the silica pretreatment, the relative population of the different types of silanols under water can be modified. Preheating the fused silica sample to 1000 1C results in a larger number of isolated silanols when compared to plasma cleaning using air as carrier gas, while the opposite trend is observed for the more acidic Si-OHs (i.e. hydrogen bonded and/or geminal). This behavior was found to be reversible. Moreover, pH dependent studies show that the pK a of the isolated silanols is higher than 10.5. Finally, the identification of the isolated silanol band opens new opportunities to further understand the mechanism of adsorption of various molecules, including specific ion interactions, [44] [45] [46] [47] on the surface of this commonly used material. , B3400 cm À1 have the same sign (i.e. minus) as for n iSiOH at B3680 cm
À1
, while for the negatively charged surface (10 mM NaCl), the water bands have opposite sign since the water OHs are now oriented, on average, towards the silica substrate. Note that because of interference, the n iSiOH appears as a dip instead of peak in the CTAB spectrum. View Article Online
